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ABSTRACT 
COMPUTER MODELING OF ANATOMICAL STRUCTURE: A 
REPRESENT ATIVE EXAMPLE OF MODELING THE INGUINAL CANAL 
B y  Jason Michael Highsmith 
A thes i s  submit ted i n  partial fu lfi l lment of the requirements for the 
degree of  Mas ter of Sc ience at Virginia Commonwealth Univers i ty .  
Virgin i a  Commonweal th Univers i ty ,  1 996 .  
Maj or Director: James H .  Johnson, Ph .D . ,  Anatomy 
A s  c o m p u ters  become an i nc reas i n g l y  i mportan t  p ar t  o f  
med i ca l  educat ion ,  a proper understand ing  of t he  tech n iques  and  
applicat ions of computer aided model ing i s  vital . An i ni t ial overview 
of  med ical i mag ing  and the techn iques  of computer mode l i n g  i s  
presen ted .  Construct ion of  three-dimensional  mode l s  of anatomical 
struc ture s  i s  then d i scussed in  great detai l w i th spec i fic  foc u s  on  
model ing structures l ike the inguinal canal . The i nguinal canal i s  one 
reg ion  where computer mode l ing efforts should be directed because 
i t  presents  a special  chal lenge .  Understanding the wal ls ,  borders and 
l ayer i ng  of  the ingu ina l  canal i s  e spec ia l ly  d iffi cu l t  but v i ta l  to 
acc urate c l i n i cal d iagnoses of herni as . Computer-based i nstruc t ion  
based  on h igh-qua l i ty three d imensional  images promi ses to  great ly 
enhance students ' learning and comprehens ion of d iffi cu l t anatomica l  
s t ruc tu re s  and re la tionsh ips .  
INTRODUCTION 
The 2 1  s t  century beckons the dawn of a new era i n tegrating  
computer technology and medical imaging . Wi th that, technology has 
revo lu tion ized our defin i tions  and use of three-dimensional  imag ing .  
I n  the  1 95 0' s photowhee l s  were u sed i n  Viewmasters™ to  v i ew 
three-d i mens ional images stereoscopica l ly .  A t  that point  i n  t ime the 
rea l i t y  of  today ' s  h igh -powered graph ic s  workstat ions  was  l i t t l e  
more than  SC Ience fic t ion .  Recent technological  advances over  the 
last  decade h ave afforded scient is ts  and educators the opportun i ty to 
explore new appl icat ions of computers in  medic i ne .  With the adven t  
of  affordable  m u l t imedia ,  o r  the in tegration of  tex t ,  graphi c s ,  and  
sound ,  computers have taken an  even greater posi t ion i n  the medical  
c u rr i c u l u m .  
T w o  areas  o f  med i c i ne I n  wh i ch  compu ters  now p l ay a 
fu ndamen ta l  ro le  are d i agnos t i c  
. . I m agI ng  and c o m p u te r  a i d e d  
i n s truc tion .  B oth of these areas also hold great  potent ia l  for the 
app l icat ion of  three -dimensional model ing and anatomica l  educati o n .  
Central t o  t h i s  approach i s  the understanding that anatomy,  by  i t s  
very nature ,  s tands  t o  ga in  a tremendou s amoun t  from compu ter 
mode l ing .  Most  conventional in structional aides are two-dimens ional 
1 
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drawi n g s  that are d i ffi c u l t  to trans late i n to a three -d imens iona l  
u nders tand ing .  Furthermore , an accurate u nders tanding of anatomy 
is  the basi s for a myriad of c l i nical ski l l s .  From the basic physical 
e x am i n at ion  and d iagnos i s  of patho log ies ,  to p lann ing  tre atment  
rou ti nes  and accurate surgical  approaches ,  anatomy i s  a fundamental  
component of medical practice and thus ,  of medical education .  
S ince the  in i ti al u se of p la in  fi lm X-rays i n  1 895 ,  by Wi lhe lm 
Conrad Roentgen ,  the  ro le of d iagnost ic  imaging in  medic ine  has  
i nc reased  tre m e ndo u s l y . Two re l a t i  ve ly  recen t  deve lopment s  i n  
rad io log ica l  technology have afforded the data neces sary for three-
d imens ional mode l i ng .  These modal i t ies  are computed tomography  
(CT)  s l i c e s  and  m agne t i c  re sonance i n terferometry ( M R I )  da ta .  
Computerized three-dimensional  mode l ing  re l ies  on the  seria l  cross­
sec t ional data  that  these modal i t i e s  provide ,  as w i l l  be d i s cu ssed 
l a t e r .  
B e fore addre s s i n g  the  m ater i a l s  and  me thods  of  t h ree -
d i m e n s i o n al 
. 
. 
I mag I n g ,  i t  I S  i mportant  to u nders tand the  broad  
app l i c at ions  of  computer a ided  i magi ng and i t s  imp l i c at i on s  for 
computer a ided i n s truct ion. 
C l in ical Applicat ions 
C o m p u te r  mode l i n g  of  anatomical s tr uc t u re on  b o t h  the  
hi s tological  and  gross level  represents the s ize and shape of  vanous 
s truc ture s .  H i stological  mode l ing has focu sed primar i ly  on  ce l l u l ar 
components ,  for example shape analys is  of chromosomes ( B ertin e t  
a l . ,  1 99 3 )  and c e l l  nuc le i  ( Parazza e t  a I . , 1 99 3 ) .  
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Others have 
e x a m i n e d  p u l mon ary a l veo lar duct  m i croanatomy and  s tr uc tu re 
(Cookson e t  aI . ,  1 99 3 ) .  These appl ications have predominate ly  made 
u s e  of confoca l  m i c roscop ic  techn i ques  as  the bas i s  of  three­
d im e ns ional v i ew ing. 
Mos t  of  the work done I n  computer  aided three-d imens iona l  
model i ng has focused on gross anatomical s tructure s .  C l in ica l ly ,  one 
of  the most u sefu l  applications of computer aided imaging has been 
In the d iagnosis  and treatment of cranial carcinomas . The abi l i ty  of i t  
to  acc u rate l y  ca l cu late vo lumes  makes three -d imens iona l  i mag ing  
especia l ly  usefu l  to  th i s  area (Gaul t  et  aI . , 1 98 8 ) .  Imaging has  a lso 
proven  successfu l  in  measur ing volumes of the cran ia l  vau l t  and 
ven tr i c l e s  (Dufresne  et  a I . , 1 9 8 7 ) ,  and the orb i t ,  orb i ta l  fat ,  and  
muscles  (Zonneveld et  aI . ,  1 99 1 ) .  Volume assessments are cruc ial  not 
o n l y  i n  eva l uat ing  the metas tas i s  of cran ia l  carc i nomas ,  but i n  
ca lcu lat i ng chemotherapy and radiation doses as wel l .  These same  
I mages have al so proven usefu l  in  guiding surgical approaches t o  the 
t u m o r .  
Another  c l i n ica l  app l i cat ion of vol ume tr ic  i maging has  been  
meas urement  of  cav i t i e s  in  art ifi c ia l j oi n t  rep lacement  procedure s .  
T h e  th ickness  o f  the j oi n t  space can be accurate l y  measured  to  
evaluate the  location and extent of femoral head necros is  (Soyama e t  
aI . ,  1 9 8 9 ) .  When these data are taken i nto account ,  the  pros thes i s  
can be p laced more accurately to  assure maximal contact area in  the 
j o i n t  rep l acemen t  ( Wespe  et a l . ,  1 9 8 9 )  and e ffe c t i v e l y  b e t ter  
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recovery for the patient .  I n  some cases ,  computers have even been 
u sed to automate the determination of the most su i table posi t ion of 
the femur  in a h ip-joint  surgery (Eba et aI . , 1 990) .  
M u l ti moda l i ty i mag ing  i s  a spec ia l  d iagnos t ic  proce s s  that  
i ncorporates two or more trad i t iona l  compone nts . For example ,  
i mages from a bony structure, which I S  ideal ly  su i ted to C T  data, can 
be overlaid on  soft- ti ssue data such as gathered from a T 1 weighted 
M R I .  More spec i fica l ly ,  cardiovascu lar data from angiograms h ave 
been successfu l l y  mapped onto CT i mages to better understand the 
i mpacts  of hemorrhaging ,  i schemia and infarc ts ( Henri e t  aI . , 1 99 1 ). 
S ince  the mid- 1 980s ,  th i s  approach has been successfu l  i n  reduc ing  
the  r i sk  of  rupturing  large crania l  arteries by p lann ing  stereotact ic  
approaches to target points i n  the brain ( Peters e t  aI . , 1 986  and Kal l ,  
1 9 8 7 ) .  
S u rg ica l  nav igation ,  a lso known as computer-ass i s ted surgery , 
h a s  a l s o  b e n efi ted  from re cen t  advances  I n  three - d i m e n s i o n a l  
i maging .  The purpose o f  such a technique i s  to topographical l y  m ap 
the  l oca t ion  of  the surgeon ' s  i n s trument s  I n  re la t ion  to c r i t i ca l  
a n a t o m i c a l s t r u c t u re s  s u rro u n d i n g  t h e  p o i n t  o f  o p e r a t i o n .  
T r ad i t i o n a l l y ,  t h i s  h a s  been  perfo r m e d  w i t h  i n t ra o p e ra t i v e  
u l trasound ,  but  this  i s  not pract ical i n  areas such as the head where 
u l t r a s o u n d  c a n n o t  ad e q u a te l y  d i ffe re n t i a t e  a m o n g  t i s s u e s  
(Zonneve ld ,  1 994 ) .  This  i s  where computer generated vo lumetr ic  
data sets  are especia l l y  helpfu l .  A pre-recorded set  of CT or MRI  
data can  be  u sed to  create reg is trat ion markers , l i ke d i g i ta l  fl ags .  
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When a probe i s  passed near or through a certa in area,  that area I S  
h i g h l i g h ted  by  a moving  cursor on a d i sp lay (Zonnevel d ,  1 994 ) .  
Essenti a l ly ,  i t  i s  l ike navigati ng a c i ty a t  night us ing the grid created 
by s tree t lamps  on each c i ty b lock corner .  L ike the  s treet lam p s ,  
reg i s tration markers serve a s  points of reference and a s  the bas i s  of 
n a v i g a t i o n . 
A nother appl i cat ion of image regis tration i nvolves track ing  the 
pos i t i on  of  a ri g id  endoscope i n  endonasa l  S I n u s  surgery . The 
s urgeon  I S  a b l e  to  corre l a te the endoscop i c  V I e w  w i th t he  
computeri zed topographic  v iew of  the paranasal s inuses  ( Ka inz  and 
S tammberger ,  1 99 2 ) .  Th i s  var iat ion of a s tandard procedure I S  
espec i al l y  benefi c i al when the endoscop ic  image i s  obstructed b y  
mucus  o r  p u s .  By  usi ng a n  endoscopic image superimposed o n  a CT 
I m ag e ,  the  su rgeon can  c arefu l l y  nav igate the scope and avo i d  
damage to de l icate surrounding structures  (Zonneve ld ,  1 994) . 
Reg i s tra t i on -based m app ing  of anatomica l  s truc tu re I S  o n e  
bas i s  for the in terest  i n  creati ng enti re digi tal at lases o f  the human 
bod y .  Th is  a l so provides  a bridge between the pure ly  c l i nica l  and 
the  pure l y  academic  appl icat ions of three-d imens ional mode l i ng. A 
gre at  dea l  o f  i n tere s t  has  been generated i n  the u se o f  th ree­
d imens iona l  at lases for medical  education ,  spec ifi cal l y  for anato m y .  
Some have even gone s o  far a s  to say that the instruction o f  anatomy 
s t ands  to benefi t  from computer  a t la ses  more than  any  o ther  
biomedical  d isc ip l ine ( Rosse,  1 995 ) .  
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Academic  Appl icat ions  
B e fore progre s s i ng further ,  i t  IS important  to re a l i ze why 
anatomy i n struc tion stands to gain so much by the use of computers . 
A n atomi c al . . reason Ing  IS the bas ic  requ i rement  for perform i n g  a 
number  of c l i n ical tasks ( Rosse ,  1 99 5 ) .  Such reasoni ng in tegrates 
both an  u nderstanding of the spati a l  domai n ,  or three-d imensional 
geometry of  the body and i t s parts ,  and the symbol ic  domai n ,  or 
u nders tandi n g  of  funct ional ,  deve lopmental , pathologica l ,  and other 
rel at ionsh ip s .  These two domains have tradit ional ly  been d ifficu l t  to 
i ntegrate ( Rosse,  1 99 5 ) .  Indeed, most instruc tors tackle them as two 
separate domai n s :  the gross  an atomy lab and the l ec ture hal l .  
I nnovat ive  app l ica t ions  o f  computers as i n s truc t iona l  a ids  s hou l d  
h e l p  u n i fy t h e  teach ing  and l earni ng o f  spat i a l  and concep tu a l  
k n o w l e d g e . 
S ome of the first  uses  of computers i n  educat ion i ncorporated 
l aser  v ideodi sc  p layers . I n  a t ime when computer graph ic s were 
l imi ted  by technology and cost ,  the laser videodisc provided acces s  to 
a vast  l i brary of pre-defi ned images and photographs .  Because l aser 
v ideodi s c s  h ave the capac i ty  to s tore several thousand frames  of  
h igh - reso lu tion  images they are ideal for t h i s  type of app li cat ion .  
Us ing  a computer alongside the laser videodisc s impl i fie s  nav igat ion 
through the d i sc by providing convenient  access  to the images and 
index ing  of  them.  The  computer wou ld  then a id  i n  se lect in g  the 
i mages of i n teres t  which are then disp layed on a te lev i s ion .  The 
computer screen provides  text capt ions and narrative as we l l .  Th i s  
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was  the  beg i n n i ng of  i n terac ti ve medica l  i n s truc t ion  I n  that  i t  
provided rapid access  to a vast array of data . 
I n  recent  years , the term Computer-B ased Ins truction (CB I )  has 
beg u n  to encompass a l l  uses  
proc e s s  ( Dowd and B ower ,  
of the computer  in  the educat iona l  
1 99 5 ) .  The most  bas ic  u se of  the 
compu ter  in  educat ion  i s  through Computer- Managed I n s t ruc t ion  
( C M I )  w here the computer  i s  u sed mere ly  for managemen t  o f  
i n s truc t iona l  ac t i v i t i e s . For examp le ,  c l a s s  schedu l i n g  and  tes t  
deve lopment/scori ng are some prac t ica l  u ses  of C M I  as  are the 
out l in ing  of  learning obj ectives  and diagnosi s  of learning needs. 
On a more advanced leve l ,  computers used i n  Computer-Aided 
In s truct ion (CAl )  are the  primary tool for teachi ng content  ( Dowd 
and  B ower,  1 99 5 ) .  CAl i s  the use of  computers in  dri l l -and-practice 
( re v i e w ) ,  tu tori a l s ,  s i mu la t ion ,  games and u t i l i ty/problem so lv i n g. 
B y  i t s  n ature ,  i t  assumes one-on-one i nterac t ion w i th the s tuden t .  
Th i s  type of i ns truction was the basi s of  the early learn ing in terfaces  
and i t s  s impl i c i ty makes i t  by far the  most  popu lar method in  u se 
today. C Al can be accomplished on a very basic level with a min imal  
hardw are and softw are i nvestment  and is  u sua l l y  retrocompat ib l e  
w i th ou tdated  equ ipment .  
F i na l l y ,  the  mos t  i nnovat ive  and rap id ly  gro w I n g  area  of  
Compu ter -B ased I n struct ion i s  Computer- Enhanced In s tructi on ( C E I )  
(Dowd and Bower,  1 99 5 ) .  This  involves  more advanced leve l s  of 
i n teract iv i t y  than CAl which  is  predomi nate l y  tex t .  C E I  u sua l l y  
incorporates s imulation o r  in teract ive video and videodiscs .  Not on ly  
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IS eEl more advanced v i sua l l y ,  i t  u sua l ly  has  a more complex  
arch i tecture . Users can  usual ly  navigate through the tutorial a t  their 
own pace ,  retrace their steps ,  or skip ahead . Furthermore , CEI  has 
the abi l i ty to handle the complex needs of medical i n s truct ion and 
med i cal i magi n g .  As  such ,  C E I  i s  the i dea l  target of three­
d imens ional  mode l s  u sed for educational purpose s .  
Research F ind ings 
The  po ten t i a l  benefi t s  of  computer  based i n s truc t ion  are 
w i despread. Unfortu nate ly ,  there i s  a lack of hard-core sc ien t i fi c  
re search i n  computer-based i ns truct ion due  i n  part t o  the fac t  that  
many proj ec ts are s ti l l  i n  the ir  infanc y .  Indeed ,  most  papers that  
have been pub l i shed are ei ther retrospective,  as  hi storica l  overv iews ,  
or  prospe c t i v e ,  h ypothe s i z i n g  on  propo sed i m p l i c at i o n s  o f  the  
tec h n o l o g y .  
Another i mpedi ment to research in  thi s area I S  the re l uc tance 
a m o n g  m a n y  deans  and course  d i rec tors to aggre s s i  v e l y  t e s t  
c o m p u te r - b a s e d  i n s tr u c t i o n  e x p e r i m e n t a l l y .  I n  t h e  i d e a l  
experimental  des i gn ,  one group of s tudents would be denied access  
to  the  experimental materi a ls  in  order to  serve as a contro l .  Not  
s urpri s i ng ly ,  few i n structors want  to  stand i n  the  way of  learning ,  
and  adm i n i s trators are re luc tant to a l low such  i mposed divers i ty  i n  
the education  of  their fu ture physic ians .  
Another  reason  re searc h fi nd ings  In  th i s area have been  
d i ffi c u l t  to  s ub s tant i ate i s  the  problem of presen t ing  a tes tab le  
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h ypothes i s. As such ,  most  artic les that address  the i ssues  at  hand 
are wri tten so le ly  as descript i ve reports . S urpri s ing ly  few s tudies  
addres s  w he the r  c o m p u ter s  can e ffe c t i v e l y  teach  m ater i a l  or  
I mprove s tudents ' u nderstanding of d iffi cu l t  concepts . Furthermore , 
many of  the s tudies  that do address  these i s sues suffer from smal l  
sample s izes. One such  paper (Chew and S mirniopoulos,  1 995) ,  found 
qu i te i mpres s i ve pre - to  post- tes t  gains of 3 0  percentage points  on 
average. Yet ,  experi menta l ly  this fi nd ing lacks relevance because 
on ly  e leven subjects were evaluated and no control group was u sed . 
However,  one study ( S tanford et aI . , 1 994) not on ly  addre ssed 
the g lobal  question of how effect ive computers were at  teaching ,  but  
d i d  so  w i t h  testable hypotheses and c lear ly defi ned experi menta l  
and  control groups .  Researchers a t  the Univers ity of  Iowa se t  out  to 
answer  three d i s t i nc t  ques t ion s .  Fi rs t ,  to what ex te nt c o u l d  a 
computer program be effective in  teaching cardiac anatomy? S econd,  
w o u l d  there be added benefi t  from the addi t ion  of a computer  
p rogram w h e n  c o m b i ned  w i th d i s se c t i o n? T h i rd ,  d o e s  t he  
e ffec t i  venes s  of  a computer  i n s truc t ional  program depend  o n  the 
o u tc o m e  measu re d? 
The s tudy examined students ' learning of thoracic  anatom y  by 
p ar t i c i p a t i n g  In  c o n v e n t i ona l  l ec t u re i n s t ru c t i o n  and  c ad a v e r  
d i s sect ion a s  compared to us ing a computer program . The computer  
program cons i s ted of  anatomica l  d i agram s ,  text  descr ip t io n s ,  and 
l abeled s tat ic  and c i ne ,  or  motion , Ultra Fast Computed Tomography 
( UFCT) images of the heart at rest  and through i ts  contraction cycle .  
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S ubj ects  cons i s ted of 1 7 5 fi rst  year medica l  s tude nts at the 
Un ivers i ty of Iowa Col lege of Medic ine who were randomly ass igned 
to one of  four  groups .  The control group rece i ved no cardi ac 
anatomy i nstruc t ion  whi le  the other groups received vary ing  leve l s  
of i ns truct ion .  S tudents in  Group 2 dissected the thorax of  a human 
cadaver .  S tudents  i n  Group 3 rece ived computer i n struct ion a lone , 
wh i l e  s tudents  i n  Group 4 performed the d issect ion fol lowed by the 
computer  app l i cat ion . 
The subj ec t s  were evaluated by a structure ident ifi cat ion tes t  
w i th  two sub tes t  components . The first  subtes t  u sed 1 0  v iewbox 
m o u nted s ta t ic  U FCTs w h i le the  second subtes t  u sed  1 0  gro s s  
s peC Imens .  Re su l ts were eva lu ated us ing  a two  fac tor  A N OY A .  
Ana ly s i s  o f  fac tor one  compared a l l  four  treatment  l eve l s  wh i l e  
fac tor two compared scores from the two subtes ts . 
The res u l ts revealed the expected outcome of  h igher  scores 
among the e xperimental groups as compared to the control groups  
a l though  over lapp ing  s tandard de v iat ions  prevented these fi nd ings  
from reach ing stat is t ical s ignificance . Among these resu l t s ,  scores of  
s t u d e n t s  receiVin g c o m p u te r  i n s t r uc t i on  c o m b i ned  w i th g r o s s  
d i s sec t ion  were superior t o  those us ing  e i ther o f  the i ns truc t iona l  
methods  s i ng ly .  
The  s tudy  d id  reveal three espec i a l l y  i n tere s t i ng  fi nd i n g s .  
Perhaps  mos t  i mportant  i s  that  the treatment  e ffec ti veness  var ied 
s i gn i fi c an t ly  w i th the subtes t  u sed  as the outcome measu re (P < 
. 00 0 1 ) .  Comple ti ng  the computer  program was super ior  t o  the 
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d i s sect ion or to control procedures when the CT subtest  was u sed. 
S imi lar ly ,  d i ssection of the gross specImen was superIor to u se of the 
c o m p u ter  program or con trol  when  gro s s  sub te s t  s core s w ere 
e x a m i n e d. 
Furthermore ,  a stati s t ical ly s ignificant low correlat ion ( r  = . 3 8 ,  
P < . 0003 ) between C T  and gross subtest  scores  suggested that these 
two  t e s t s  were a s s e s s I ng  marked l y  d i fferen t  q u a l i t i e s . G ro s s  
or ie n tat ion  of  s truc tures i n  space and the apprec iat ion  of  cross ­
s ec t i ona l  re l a t ion s h i p s  rema In  e l u s i  ve compone n t s  of  ana to m i c a l  
understanding. This  finding further supports the idea that due t o  the 
u n I q u e  c h al l e n g e s  of l earn i n g ana tomy I n  three d i me n s i o n s ,  
computer based i n struction holds great promise i n  this  d isc ipl ine .  
Perhaps the mos t  i nterest ing and re levant finding of th i s  s tudy 
was revealed in  comparing scores of Group 2 and Group 3 subj ec ts .  
The  computer  program he lped gross  speCImen subtest  scores more 
than d i s sec t ion  he lped the CT subtest score s .  Thi s su ggests  that 
m ater ia l  l earned from the computer program i s  more transferable 
than that learned from cadaver d i ssect ion .  I n  medic i ne ,  where the 
role of medical i maging and the understanding of  cros s - sec ti o na l  
re l a t i o n s h i p s  are becom i n g  i nc reas i ng ly  i mportan t ,  t he se  added  
benefi t s  of computer appl ications are of  u tmost importance . 
T h i s  s t u d y  d o e s  p ro v i d e s t r o n g  e v i d e n c e  fo r t h e  
general i zabi l i ty o f  computer based learn ing  and offers cons iderable  
s trength to the  argument that computer based learn ing has  a specia l  
p lace  in  the educational  proces s .  Indeed ,  the finding that  combined 
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i n terven t ion  I S  the most  e ffective prec l udes  u s  from say Ing  that  
e i ther  computer app l i cat ion or gross di ssection su bst i tu te for each 
other .  Rather ,  as  demonstrated by this s tudy ,  their  e ffec t s  were 
c o m p l i me n ta ry . 
Benefi t s  of  Computer-Aided Ins truct ion 
The m aj ori ty of rese arch in th i s area has  conc l u ded  that  
computer-aided education is  at  least  as good as tradi t ional  methods . 
I ndeed,  most  of the re search has cited benefi ts  of u sing computers 
which  exceed those of tradi tional methods of instruct ion . Below are 
summarized some of the most unique fi ndings in the assessment  of 
CBI .  
First ,  i t  IS  i mportant to real ize that most medical s tudents c i ted 
as subj ects  i n  these studies have been widely exposed to computers . 
Thus ,  i t  i s  not surpri s ing that students experience l i tt le anxiety when 
uS Ing computer  based i n s truct ion and for the  most  part there i s  a 
h igh  leve l  of acceptance of i t  (Khadra et  aI . , 1 995 ) .  Thi s  s tudy I n  
parti cu lar ,  however ,  l acked credi bi li t y  In that i t  sta ted , "L i t t le  I S  
k n o w n  regard i n g  the acceptabi l i t y  of  C A L  [c o m p u ter  a s s i s t ed  
learning = computer based learning here in] among medical s tudents . "  
Even  a pre l im i nary review of  literatu re in th i s  area reveals  that  a 
l arge number  of  s tudies have reported moderate to h igh  leve l s  of  
accep tab i l i  ty . 
Many students have come to endorse the use of computers i n  
academics .  S uch studies often find that computers have a benefic ial 
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i mpact  on students ' in terest and learning.· Eleven radiology residents 
a t  the Armed Force s  I n s t i t u te of Patho logy  reported not o n l y  
i mproved  score s  o n  a s s e s s m e n t  measure s ,  bu t  a l so u n i  vers a l l y  
expre s s e d  a pre ference for a computer- v ideod i sc program over  
radi ograp h s ,  tex tbooks ,  v ideotape s ,  and  s l ides  and  audiotapes for 
ind iv idual s tudy ( Chew and Smirniotopou los ,  1 995 ) .  
The medical  education app l ications o f  computer imaging ex tend 
far beyond the firs t  year curric u l u m .  One author ( Rosse ,  1 99 5 )  
po in t s  t o  the i r  i mportance i n  post -graduate trai n i n g ,  s ta t i ng  that  
mos t  c l i ni c al subspec ia l i t ies  ca l l  for retrai n ing  i n  anatomy to  meet  
speci fi c  needs .  Computer B ased Ins truct ion i s  a l so  pract ical  because 
i t  can repre sent  a s ingle col lect ion of information at d i fferent  leve l s  
of soph i st ication .  Packages can eas i ly  be sui ted to  the user, e ither at 
the pat ie n t  l eve l ,  the medical  s tudent  l eve l ,  or even  the surg ica l  
res iden t .  S t .  Lou i s  Un ivers i ty  has  even  begun  u s i ng  C B I  a s  a 
componen t  o f  pat i e n t  i n formed consen t  ( We bber and  R i ne h ar t ,  
1 99 2 ) .  Thus ,  computer based ins truction i s  pract ical  because of  the 
varyIng leve l s  of complexity it can address .  
Fu ture Di rect ions  
At  some of the h ighest  leve ls  of computer i n terven ti o n ,  and 
curren t ly  at  the horizon of today ' s  app l ications ,  i s  the  concept  of 
s urg ical s i m u lat ion . Many au thors ( S atava,  1 99 3 )  h ave pred ic ted  
tha t  computers wi l l  become as  v i tal to  surgical educat ion ,  as  fl igh t  
s imu lators are to  p i lo t  trai n ing .  Furthermore , some ( S atava,  1 99 3 ) ,  
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specu late that thi s  posit ion wi l l  be taken in much less  t ime than the 
40 years requ i red for the development  of pract ical  fl ight  s imulators . 
This  author, however, i s  re luctant to commit too quickly to such 
a v Ie w .  Whi le  technology holds great promIse ,  one must real i s t ical ly  
assess  such c laims .  If  one examines  the area of input  devices ( i . e .  
d ig i ta l  pens ,  mIce ,  trackpads ,  e tc . ) , few technological  breakthroughs  
have been made i n  the last decade . Indeed, these input  devices have 
e x i s ted at  l eas t  s i nce the earl y 1 9 80 '  s .  Even one o f  the mos t  
seeming ly  advanced i nput  devices of  today, the wire les s  gyroscopic 
mouse ,  de s igned to be u sed by waving i t  through the a ir ,  u se s  
technology dat ing from the 1 960 '  s .  The maj or l imi tat ion of curren t  
and  future input  devices i s  their poor tacti le  response which  i s  far 
from s imulat ing the del icate balance and preci sion of a scalpe l .  
Furthermore i t  i s  d iffi cu l t  to capture the sounds ,  sme l l s ,  and 
general atmosphere of the operat ing room .  In fl ight  s imu lat ion ,  the 
gauges and e lectronic  dia ls  used by pi lots can eas i ly be repl icated on 
a computer screen .  In surgical s imulat ion,  however, i t  i s  d i ffi cu l t  to 
accu rate ly  assess  a trai nee ' s  manual  ski l l s  or dex teri ty ,  and many  
years of work wi l l  be  required to  solve these problems .  
Regardless  of present-day l imitations ,  the benefi t s  of CAl have 
been  ha i l ed  by  medica l  i n struc tors . S uch methods  have ga ined  
tre me ndous  popu lari ty over the past several years ,  and  have been  
exploi ted i n  almost a l l  areas of  medical education .  
Many au thors ( Rosse,  1 995 )  see the creation of 3-D e lec tronic 
a t lases  a s  the next  maj or mi les tone and the maj ori ty of  federal  
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fund ing  i n  medica l  education re search has bee n geared toward the 
Dig i ta l  Anatomis t  Project  at the Univers i ty of Washington , a proj ec t  
d i re c ted  by  one of  the  mos t  ou tspoken at las  proponents ( Rosse ,  
1 995 ) . Others question the wi sdom of  this  g Iven the current lack of  
wide ly  avai lab le  funds and the lack of  re spect that 3 -D model i ng  
current ly  has i n  medical education . 
Many proponents  of 3 -D at lases seem far removed from the 
ac t u a l  l earn i ng e x per ience  of the s tuden t .  Thu s ,  severa l  bas i c  
concerns anse. Tradi t ional ly ,  most of  the research i n  computer based 
i n s truc t i on ,  i n  order to be e xperi menta l l y  sound ,  has  randomly  
ass igned students to d ifferent "tri al" groups . Thus  i t  i s  d i ffi cu l t  to 
a s s e s s  w he ther  s t ude n ts w o u l d  norm al l y  be  at trac ted  to s u c h  
learn i n g  methods  and i ndeed whether  such  app l i cat ions  w o u l d  be 
u sed ,  especia l ly  I n  a place where gross specimens are avai lable . Part 
of the wonder of learn ing  gross anatomy ari ses  from hand l i ng  the 
gross  spec I mens ,  feel i ng their  weight ,  texture ,  consi stency,  e tc .  
Second l y ,  even  the most  compact  l aptop computer ,  canno t  
provide the convenience and portabi l i ty  of  a tradi t ional  printed at las . 
For much  the same reason ,  i t  i s  un l ike ly  that the bas ic  pr in ted  
newspaper wi l l  ever be  rep laced . S imi larly ,  computers and CD-ROM S 
have done l i t t le  to decrease the popu lari ty of the paperback nove l .  
I n  the  e ra  of  pos s i b l e  over-computer izat ion ,  someth i n g  l i ke the 
tradi t ional  atlas wi l l  sure ly  hold i ts  own .  
Th i rd l y ,  g iven  that gross  anatomy en tai l s  such  a tremendous  
amou nt of  i n format ion ,  i t  i s  important to rea l ize that s tudents  have 
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l i t t le  t ime ava i lab le  to exp lore al ternati ve methods  of i ns truct ion. 
Thi s I S  o n e  p o s s i b l e  reason  why the m o s t  w i d e l y  rec e i v e d  
app l i c at io n s  have been tho se that prov ide q U I zzes  a n d  te s t i ng . 
S tudents  are most  l i ke ly  to turn to an al ternati ve i ns truct ional  a ide 
such as  C B I ,  when i t  te sts their  understanding rather than one that 
attempts to bu i ld  i t .  
Consequen t ly ,  fu ture efforts i n  the area of  computer  a ided 
i n s truc t ion  and three-d imens ional  i mag ing for educat ion  shou ld  be 
d irec ted toward the mode l ing  of  d ifficu l t  s tructural concepts .  For 
example ,  the pe l  v i s ,  peri neu m,  and ingu i nal  canal  are amon g  the 
m o s t  d i ffi c u l t  anatomica l areas to un ders tand becau se  o f  the 
d i ffi c u l t i e s  i nheren t  i n  v i sua l i z i ng and comprehend ing  them from 
d i s se c t i o n  of  the cadaver .  Direc t i ng  re source s tow ard the se  
cha l leng ing  areas shou ld  y ie ld  far more dramatic benefits of the use  
of computers i n  medical education,  which in turn should provide the 
resu l ts needed to encourage addi t ional funding and re search i n  thi s  
are a .  C urrent ly  the temptation i s  to produce e laborate i mages o f  
l i tt le  o r  no added educational value . Unti l  three-dimens ional imaging 
rI ses  above the Hol lywood era of pretty pictures ,  i t s  d i smi ssa l  as a 
pseudosc ience w i l l  pers i s t .  
Rather than provide a broad and nebulous overView of medical  
educat ion ,  or even computer aided in struction as a whole ,  thi s  paper 
w i l l  foc u s  on  three di s t inct  areas . First, the methods of c reati ng  
three -d imens iona l  Images and  i ncorporati ng them i n to compu ter-
a ided i n struct ion w i l l  be  presented .  Next fo l lows  a d i scus s ion  of  
where such  efforts shou ld  be targeted . 
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Final l y ,  the v i  tal  role of 
three-d imens iona l  i maging  is  i l l u strated in  a representati ve example  
of  mode l i ng the i nguinal cana l .  
MA TERIALS AND METHODS 
The type of  data u sed most i n  medical i maging as we l l  as i n  
computer  model i ng i s  seri a l  cross sectional data .  Use o f  serial  data 
a l lows  the s tructures of in terest to be studied at varyin g  depths of 
the speci men ,  thus addi ng the third dimension to the otherw i se flat ,  
two-d i me n s i on al i mage s .  
Data  
Sources of data for gross anatomical  mode l ing vary immense ly . 
Data can be gathered from surgical and pathological  spec Imens ,  gross 
cadavers , and autops ies  as well  as from c l i nica l  eva luat ion of l i v ing 
spec I m e n s  thro u g h  photograp h s ,  M Rl s ,  CTs ,  p l a i n  fi l m  x - rays ,  
ang iograms ,  PET scans ,  mammograms ,  u l trasounds ,  and the m u l ti­
modal i ty  imaging referred to earl ier .  However ,  computerized three­
d i mens iona l  mode l i ng  re l i e s  predominate ly  on seri a l  c ros s - sec t iona l  
data. These  data can be gathered through M Rls ,  CTs ,  and cryo­
sect ion of gross specimens .  
For th is  study,  data from the Vis ible Human Project  ( Ackerman,  
1 99 1 ) were used . The Vis i ble Human dataset cons ists  of radiological  
and color data taken from a 39 -year old conv ic ted  murderer w ho 
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donated h i s  body to SCIence . The cadaver was prepared and i maged 
at the  U n i  vers i ty of Colorado I n  1 99 1  under a contrac t w i th the 
Nat ional Library of Medic i ne .  The radiological  data were created 
us ing commercia l  MRI  and CT.  The CT data consi sted of two part s .  
The  firs t  se t  was data from the fresh cadaver. The fresh set provides  
better soft t i s sue contrast and i s  thus sui ted to  spec ifi c  appl i cations . 
The cadaver was then embedded i n  gelat in and frozen for the second 
set  of CT data. Final ly ,  the cadaver was s l iced from head to toe at 
one mi l l imeter i nterva l s .  Each of these layers was photographed and 
scanned i n to a computer as a color RGB photograph. The en ti re set 
cons i s ted  of over 1 800 24-bit images each measuri ng  2048 by 1 2 1 6 
p ixel s .  For compari son ,  to di sp lay thi s amount of data a l l  at once 
would require over 1 0,000 typical computer moni tors . The fresh and 
frozen CT,  M RI and gross color  data compri se over  1 5  g igabytes  of 
d a t a .  
A co l lect ion o f  data for a female cadaver was re leased i n  the 
fal l  of  1 995 wi th color sections taken every . 3 3 3  mm.  This  provides 
a greater degree of resolution i n  the third dimension and represents 
a three fold i ncrease i n  the amount of available data. 
As  the V i sib le  Human Project  represents  the firs t  large scale 
p u b l i c l y  acces s ib l e  dataset for mode l i ng  anatomica l  s truc ture , al l 
future references  to data presume that the Vis ib le  Human dataset i s  
be ing  u sed . 
The  vast amount of data associated w i th mode l i ng  anatomical 
struc ture requ i re s  tremendous quant i t ies  of on - l i ne  storage . Three-
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d imens ional mode l i ng i s  very graphic s  i n tens i ve and p laces  heavy 
demands  on system resources .  
H ar d ware  
Proc e s so r- i n te n s i ve work such as  i n v o l v e d  I n  c o m puter  
mode l i n g  I S  bes t  done  under a mul t i - ta sk i ng  ope rat i ng  sy s te m .  
S i mp l y ,  mul t i - task i n g  a l lows  se veral  processes  to be run b y  the 
computer s imultaneous ly .  Unt i l the advent  of Windows 95™, U n i x® 
was and s ti l l  i s  the pri nc ipal operat ing system to make use of true 
m u l t i  - task in g .  Un ix®-based workstat ions  i nc lude the system s  such 
as the S i l icon Graphics  Indigo series and SUN Sparcstations .  
Mach ine s  such as  these al so need to be equipped w i th large 
amounts  of memory and storage to handle the enormous amounts of 
data. The amount of random access memory ( RAM ) determi nes how 
much  material can be dealt wi th at one t ime.  For example ,  memory 
requirements i ncrease w i th the number of s l i ces of data or w i th the 
area of each s l ice  d i splayed . To do effective high-resolution work, a 
workstation should have at least 1 00 MB of RAM . 
The  amount of  s torage or hard dri  ve space determi n e s  the 
quant i ty of material which can be made access ib le .  For example,  w i l l  
data from the  ent ire body be  avai lable or  from spec ific  regions such 
as the abdomen or the head and neck? Large archives of data can be 
main tained on inexpens ive magnetic tapes, but the for the data to be 
trul y  access ible it must res ide on a hard drive .  Only recently has the 
V i s i b le H u man dataset  been made ava i l able commerc i a l l y on CD-
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R O M s  w h i c h  offer the cost benefi t s of d ig i t a l  tape w i th the 
convenience of hard di sk storage .  However, the speed of CD-ROM 
dr i v e s  re m aI n s  the  most  t rouble som e fac tor pre v e n t i n g  t h e i r  
w i de spread use .  Consequen tly ,  hard dri v e s  remai n the media  of 
choice. No degree of storage ever seems adequate , but two or three 
gigabyte s  should suffice to do most projects . 
B oth  t h e  tre m e n dou s amoun t of raw d a t a  a n d  t h e  
computationa l  t ime and memory demands of process I ng i t ,  require 
these h igh-end graphics  workstation s which are s t i l l  qui te expens i ve 
i n  sp i te of s teadi l y  dec l i n i ng cost s .  Unfortunate ly  the amount  of 
memory or RAM,  which  i s  direc t ly  re lated to the produc t iv i ty  and 
effic iency  of  anatomica l  model creat ion , i s  a l so the most proh ibi t ive 
cos t .  
S oft w a re 
The software , or app l i cations ,  used to manipulate the data are 
also quite expensIve . 
thousands of dol lars . 
Licenses for many programs run i n  the tens  of 
As holds true wi th the quant i ty of memory , the 
qua l i ty of software is direc t ly  re l ated to produc t ivi ty and effic iency 
i n  model  creation . Some appl ications ,  which are attract ive by their  
low l i censi ng fee ,  often end up cos ting tremendous amount of t ime 
and frustration . Worki n g  wi th a smal l  amount of memory or an  
i nadequate app l ication i s  aki n to wri t i ng  a d i s sertation wi th a note 
pad application . S im i larly ,  i t  i s  l ike try ing to work wi th a 5 ,000 ce l l  
I 
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spreadsheet wi th  1 ,000 5 cel l  documents . I n  both cases, the task can 
be done, but only  at the expense of severe frustration and t ime .  
C urre n t ly,  app l i cations ex i s t on two leve l s :  those that al low 
creation of i mages  from exis t ing data and those that al low creation of 
ori g inal  I mages from no ex i s t ing data. The latter are es sen tial l y  
Computer Aided Drawing (CAD) and Computer Aided Model ing  (CAM) 
app l i cat ion s .  
These app l i cations essential l y  create images from a concept and 
are i deal l y  sui ted to engi neeri ng app l i cations where the fi nal i mage 
can eas i l y  be reduced to i t s  i nd iv idual parts .  For example, an  
e laborate mode l  of  a turb i ne can be  d i s sected to  reveal spec i fi c  
componen ts ( i . e .  fifty b lades  of  1 8  gauge stain less  steel each at an 
angle  of 1 8 . 3 2 °  and 1 1 . 1 25 mm from the point  of rotation of a 2 . 3  
k i logram c y l i nder )  
I r re g u lari t i e s  and the general variab i l i ty of  gross  s t ruc ture 
make it d i ffi cu l t  material to convey us ing CAD or CAM . For example, 
i t  i s  qu i te d ifficult to accurate ly  reduce a complex object  l ike a pel vi s  
to a bow l  w i th a n  e l l i psoid hole  i n  the cen ter i n to w h i c h  two 
triang u lar s haped i s chial tuberos i t i e s  protrude .  
The  appl ication used i n  thi s  study i s  cal led I so V iew  and was 
wri tten by a studen t  in the MD/PhD program here at M C V, John  
S tewart . I soview uses ex i s t ing data and was specifical l y  tai lored to 
use the data from the Vis ible Human Project .  Ideal ly  the appl ication 
should  be a hybrid of the two combining the benefits of each . These 
advan tages  w i l l  become apparent  later. 
Computerized l11udelin� ha,> LIken c,-,-cntialh' t\\U distinl't 
approaches, one using Volumetric i\l u dc l ing tc?L'hniques �lnd the uther 
uSIng Surface Modeling. The fir,-t se\'eral steps arc performed 
independent of the desired technique. 
To better understand the steps il1\oh'ed In computer modeling 
of anatomical structure, it is important to luuk. at a field o f bio l ogy 
where visual ization techniques arc perhaps some of the mos t 
advanced. This is the field of histology where conventional . . Im�H!ln!! 
'-
'-
techniques provide the basis for understanding the more c omp l ex 
steps and methods of computerized modeling. 
Specimen preparation 
The initial steps invol ved in histological preparation are nearly 
identical to the techniques used in three-dimensional image creation. 
First the specimen is fixed by i111mersion or perfusion. Perfusion is 
the method of choice as the fixing agent IS administered at the 
cell ular level. Structures that are preserved by immersion often are 
fixed on their exterior surface, but not In their interior. 
Consequently, this introduces another realm of artifact which must 
be accounted for. The agents of chemical fixation vary from 
prec i pi tati ng or coagu lating fixati ves to cross-Ii nki ng fi xati ves Ii ke 
fOflnaldehyde or gl  u teraldehyde. Osmium tetroxide IS used 
ex tensi vely for electron microscopy as its densi ty properties 111ake it 
ideal for enhancing image contrast. 
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As  i n  conventional imaging ,  fi xat ion art ifacts present  problems 
for reconstruc t ion of seri a l  i mages .  Shrinkage and  fo ld ing  of the 
speCI men create problems in a l ign ing  the serial images ,  a problem 
d i s c u s sed  l ater .  Whi le  arti facts  in  preparat ion are i mportant  to 
avo i d ,  t h e y  c a n  ofte n be overcome w i th compu ter ized  I mage 
enhancement ,  as wi l l  be  di scussed later . 
Typica l l y ,  h i s tological  sec t ions are i n fi l trated wi th intermedi ate 
so lvents  l i ke a lcohol  to d isp lace water, and then i n fi l trated w i th a 
so lven t  l i ke x y lene  for l i ght microscopy or propylene  ox ide for 
e lec tron mIcroscopy . The i nfi ltrated t i ssues are then embedded in  a 
paraffin or epoxy/plastic res in  medium for section ing .  Sectioning can 
be performed wi th  s imple tool s  l ike rotary or  s l iding  microtomes ,  bu t  
more advanced methods  are preferred .  V ibratomes are e spec i a l l y  
u sefu l  s i nce  their  sawing act ion does not squash the speC I men and 
thu s  he l p s  pre v e n t  ar t i fac t .  I t  a l so  e l i m i n ates  the need  for 
embedding of the specimen .  Cryostats are used for a s imi lar reason .  
They a l so  e l im in ate the t i ssue embedding step ,  but i n troduce thei r  
o w n  a r t i fa c t  ar I S I n g  fro m the free z i n g  proc e d u re .  F i n a l l y ,  
u l trami croto m e s  are espec i a l l y  usefu l ,  i f  not  v i ta l , to e le c tron 
m icroscopy because they prov ide extremely thi n s l ices . 
S ec tion ing  i s  perhaps the most important  step i n  regards to 
three -d imens ion al mode l i ng .  The i n terv al of sect ion prov ide s  the 
degree of resolution of the model. That is how many s l ices there are 
per mi l l ime ter or micrometer, determines how much deta i l  of a given 
struc ture w i l l  be re vealed .  
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For e x ample, when  mode l i ng  a dendr i t ic  sp Ine  u S I ng  ser ia l  
e l e c tron  m i c roscop ic  i mage s ,  the  i n terval  of  sec t ion i n g  i s  very 
i mportan t .  I f  too  large a sect ioni ng i n terval i s  u sed ,  the  e nt i re 
dendri t ic  sp ine  may on ly  be evident  i n  one section .  Consequent ly, 
any  three -d imens i ona l  v iew w i l l  reveal  no more de tai l about  the 
spine's s truc ture as the image is  essenti a l l y  st i l l  a two-d imens ional  
e n t i t y . 
Once adequate sections of the specImen have been made they 
are s t a i n e d  to e n h a n c e  contras t  and v i s u a l i z a t i on  of ce r ta i n  
s truc ture s .  I n  l igh t  microscopy th i s  i s  done with basoph i l l i c  and 
acidoph i l l i c  s tai n s .  B asoph i l l i c  s tai ns  l i ke hematoxy l i n  b ind to  acidic 
s truc tures  l i ke rough endoplasmic re ti cu lum and nuc leic ac ids, wh i le 
ac i d op h i l l i c  s t a i n s  b i n d  to neu tra l  or b as i c  s tr uc t u re s  l i ke 
mi tochondri a, col lagen or secretory granu les .  In  e lectron microscopy, 
l ead  c i tra te  and  ura n y l  ace tate are heavy meta l  s t a i n s  w h i c h  
i ntroduce  contrast and "color" the image. 
V i s u a l i za t i o n  
V i s u al i zat ion of the stai ned st ruc ture i s  performed b y  certai n 
m i c r o s c o p i c  te c h n i q u e s .  Te c h n i q u e s  compa t i b l e  w i th t h ree -
d i m e n s i o n al 
. 
. 
I m a g I n g  i n c l u de conven t iona l  I i  gh t and dark fi e l d  
m Icroscopy, phase contras t microscopy,  fl uorescent  microscopy, or 
transmi s s ion e lec tron microscopy .  Al l of  these tech n iques  produce 
the flat two-d imens ional i mage necessary for computer model i ng .  
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O ther  techn i que s tha t create the i r  ow n three - d i m e n s iona l  
appearance are i ncompat ib le  w i th computer model i ng i n  i t s  curren t  
s tage . For example ,  Nomarski , or d i fferent i al i n terference contrast 
m I c roscop y ,  use s  spec i a l i zed  opt i c s  to prov ide  re l i e f  a n d  the 
perception of a th ird d imens ion . Much l ike the Viewmaster used i n  
ear l y  three -d imen s ional  i magi ng ,  thi s techni que re l i e s  o n  s l i gh t ly  
d i sparate or  u n ique  i mages reachi ng  each eye . I n  an ima l s  t h i s  
stereoscop ic  i nput of  the v i sual fie ld  i s  the princ ipal  cue to depth 
p e rc e p t i o n . 
S c a n n i n g  e l ec tron m Ic roscopy ,  whi ch use s  shadow i n g  to 
produce  a three -d imens ional  appearance ,  i s  a l so i ncompat ib l e  w i th 
computer mode l i ng .  In scann ing  electron microscopy the spec imen i s  
coated w i th a th i n  metal  foi l ,  typ ica l ly  of gold or pa l ladium . The 
I mage created by the e lectron mIcroscope I S  essent ia l ly  a p ic ture of 
the spec i m e n .  The shadowed appearance of e lec tron micrograph s  I S  
provi ded by the l ight and dark patterns created b y  the "l ight- source" 
of the e lec tron beam . Thi s s imulates the shadowing  resul t i ng  from 
v i s ib le l ight  and i s  a lso a major cue to depth perception i n  an imal s .  
Laser  o r  confoc al  m i croscopy uses reflected laser beams to 
create a m i n iature topograpy of the spec Imen . S i m i l ar to creat i ng  
holograms ,  th i s techn ique combi nes two s l i ght ly  d i fferen t  i m ages i n  
the same fie ld ,  each projecti ng to one eye.  As wi th Nomarski  optic s ,  
the d i s par i ty , or  s l i ght d i ffere nces  be tween  Images ,  convey  the  
i l lus ion of  three-d imens ional space and  depth perception . 
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Where the creation of cross- sectional images I S  essenti al l y  the 
goal and ex te nt of most hi stological v i sual ization , i t  i s  mere ly  the 
begin n i ng of computeri zed three-d imens ional i maging. It should  be 
noted ,  howe ver ,  th at the techn ique s i n vol ved i n  cre ati ng three­
d imens ional mode l s  descri bed be low can be app l i ed to any ser ia l  
s ec t ional  da ta ,  w he ther  for the s tudy of  hi s tologi ca l  or  gros s 
s t r u c t u re s .  
Gross S truc ture s 
Gross s tructural data can be gathered by e ither cryo- section of 
pos t - morte m stud i e s  and  pathologi c a l e v a l uati ons  or c l i n i c a l  
m e asures l i ke CTs and M R I s .  S i nce each i magi ng moda l i ty  I S  
speci fi c a l l y  suited to d i ffere nt  types of struc ture , the fi rst  step I n  
gather in g  the data i s  to choose the modal i ty most sui ted to the 
s truc ture of i n teres t .  
CT scans  are effecti ve i n  v i sual i z i ng structures w ith vas t ly  
d i fferen t  radio-opac i t ies  such as bone versus fat and musc le . MRI  
tech n i que s prov i de accurate v isua l i zation of  fi ne  deta i l  a s  they 
provide  be t ter  soft- t i s sue contrasts . Use of T I we ighted M R I s  
further e nhances the contrast of soft-ti ssue structures .  Thi s a l lows a 
greater number of fi n i te structures to be di fferenti ated from the 
surrounding t i ssue . Lastly ,  rece nt avai labi l ity of the V i s ib le  Human 
Proj ec t  da ta  has i nc reased  the use of cryo- sections  of gross  
speC Imens .  ( Figure 1 )  
28 
Figure 1. Raw color data of cryo-section of abdominal wall from cadaver of 
the Visible Human Project. 
Use of photographic data from cryosections provides the benefit of 
delineating structures based on color and/or applying the color data 
to the final three-dimensional model to create a more realistic image. 
Isoview is one of the few applications to provide this feature. Most 
other applications simply apply a predefined color to the tissue in 
question (i.e. muscle is red, bone is white). 
Data Processing 
CT and MRI data often require additional processing steps 
before the data can be used. When the data are gathered, different 
techniques are often used within the same modality. For example, 
v1ew1ng an ankle by CT would require a different film size and 
setting than viewing an abdomen by CT. Structures, like an 
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e sophag u s ,  wh ich  span broad reg Ions  of the body w i l l  often u se 
several d i fferen t  fi lm s izes .  Consequently the image s izes  often vary.  
L ikewise ,  when a senes of images i s  taken at  d ifferen t  level s ,  they 
often become misal igned .  To both al ign and properly size the images ,  
a techn ique cal led regi stration i s  used . 
Regi s t rat i o n  
Reg i s trat ion al igns  the images along a central aX I S  and also 
re s ca l e s  t h e m  to c re ate  a coh e s i  ve  a n d  c o n t i nuous datase t .  
Furthermore,  reg i s tration  as sures that data from d ifferen t  modal i t i es  
are proper l y  al i gned  and  match one  another ,  thereby  a l l ow i n g  
s truc ture s  l i ke bone to be extracted from the C T  and pai n ted  w i th 
color from the cryosection data. 
F i l e  M anagement  
O nce  the  data have been regi stered,  i t  I S  important to make 
sure that ident ificat ion of i mages is sequent ia l  and i ndicat ive of the 
proper i nterva l s .  Most data sets are l abeled progress ive ly  from the 
fir s t  s l i ce of data  to the las t  w i th success i ve i mages n u mbered 
consecuti vel y .  As a convent ion , the Vi s ible Human Data Set labels  
each i mage as a number that i s  the di stance from the top of the head 
i n  m i l l i meters . Thus, fi le 500 would be half of a meter from the top 
of the head, or approxi mate ly  at the level  of the xyphoid process .  
Th i s  n u m ber a l so  synchronizes the images from differen t  modal i ties  
so that fi le SOO. mri would be a t  the same level as SOO .cry .  In  the 
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case of the Vi s ib le  Human Data, * . raw IS  used for the cryosect ion 
data, * .  t l for M RI data, and * . fre and *fro for fresh and frozen CT data 
re s p e c t i  v e l y .  
C roppi ng 
Cropping of the Images  on several levels is  the next step . First 
the I mages are often cropped to select only the p ixe ls  belonging to 
the body .  Next  the images are cropped to inc lude only the areas of 
i nteres t .  The enormous s ize of the images usual ly  prec ludes handli ng 
fu l l  data se ts  al l at once ,  necess i tating  cropping to conserve both 
RAM and hard drive s torage .  Once the  i mages  fi les  are cropped 
i ni tial l y ,  they are usual l y  cropped again on load ing  them i nto the 
compute r .  Th i s  ti me , however ,  the cropp ing  i s  o n l y  fi gurat i ve .  
I n s tead of  ac tual ly  remov ing  the areas outs ide  of  t he  croppi n g  
marks ,  the computer s imply  ignores and does not read them .  B y  
cropp Ing  i mages the second ti me,  they load much quicker and are 
easier  to work with .  
Vo lu me and S urface Model ing 
Creatio n  of  three-d imens ional mode l s  proceeds uS Ing  the data 
(color or s ignal i ntens i ty )  represented by each pixe l .  Two approaches 
to t h re e - d i m e n s i o nal mode l i n g  are curre n t l y  I n  use , V o lume 
M odel ing and Surface Model ing .  Volume Model ing makes use of  the 
actual p ixe l s  which have been assigned spec ific values ,  whi le  Surface 
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M odel ing  makes use of the contours, or borders between those pixels  
and the surrounding  ti s sue . 
Vo lume M ode l i ng  converts each p ixe l  i n  the two-d imens ional 
i mage i n to a volume e lement or voxel, which is essential ly  a p ixe l  
w i th depth . These voxe l s ,  or three-d imens ional p ixe l s, are then 
as s igned an i ntens i ty value represent ing thei r  assoc iated grey - scale 
value . A s  al l known appl icat ions of Volume Mode l ing  make use 
e x c lus i ve l y  of  CT data, these i nten s i ty value s are based on the 
or ig i nal den s i ty value s .  The voxe l s  are then as s igned a part ial  
trans parency  al lowing  some objec ts to be viewed i ndependent ly  of 
o ther s .  The voxe l s  that are "turned on" b y  a lower  par tia l  
transparency  are the e lements which compose the obj ect  of i nteres t .  
B y  the process  of voxe l  summation these "on" voxe l s  are j oi ned 
together as  bui lding blocks to re semble the object .  
Vo lume Model i ng i s  effecti ve for mode l ing bone, a Ir  cav i ti e s, 
and so l i d  mass obj ec t s .  Thi s explain s  why mos t appl i cations  of  
V olumetr ic  I mag ing  have been useful  i n  as sess ing  bone s truc ture, 
s i nuses, and tumor expanse .  
As  S urface Mode l i ng I S  the technique wi th more promI se for 
medical education, and also the faster growing field, the remainder of  
thi s  paper wi l l  d i scuss the techniques and appl ications speci fic  to  i t .  
I t  i s  also the fie ld  to which the most re search has been geared and 
newer app l i cations  being tai lored .  
Surface Mode l ing ,  unl ike Volume Model ing ,  does not  make use 
of the e nt i re dataset .  Rather ,  i t  create s hol low three-d imens ional 
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surface s  based on  the outl i nes of vanous structures .  Consequent ly i t  
re l i e s  on  the anatom ical borders of s truc ture s ,  borders defi ned  
through a process cal led Segmentation . 
S egme n ta t i o n  
S e g m e n tat i o n  I S  by  far the mos t  d i ffi cul t task I n  three­
d imensional mode l ing ,  but  i t  i s  also the area of ac tive research w i th 
the  pro m i se to s i mp l i fy the step and make i t  more produc t i ve .  
I mage s e g me n tatio n  I S  t he  tec h n i que by whi c h  t he  borders  of  
s tructures of  i ntere s t  are del i neated wi thi n the  data . Segmentatio n  
al l o w s  o ne t o  assoc iate struc tures both w i t h i n  a g iven  s l i ce  and 
be tween  s l i c e s  I n  order to prov ide  con ti nui ty to the s t ruc ture . 
Essential ly  i t  al lows a structure at one level to be associated wi th or 
connected  to the same structure at a d ifferent level ,  even if it has 
changed i n  orien tation .  Whi le to humans  thi s task seems d iminut ive ,  
the c o mp u te r  has no  way of d i s t i ngui s h i ng whether  ne ighbor in g  
s truc t u re s  be long  t o  one another  or  no t .  The tech n i que s o f  
segmen tat ion  vary widely and with vary ing app l icat ions o f  each .  
Typical l y  CT and MRI  data have been i nvaluable i n  segmenti ng  
certai n s tructures  because i n  thei r  images struc tures l i ke bone or  
musc le  span a relat ively narrow densi ty window . The bone window 
can eas i l y  be  e s t ab l i shed  a s  a range of  den s i t y  va lues  and  
segmen tatio n  of bone i s  accompli shed s imply by  select ing thi s range .  
For  e xample ,  in  mode l ing  the lower extremity ,  segmentatio n  al lows  
one to associate the different  parts of the femur. Whi le  the compact 
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bone of the femoral head d iffers i n  appearance from the cancel lous  
mid- shaft ,  the i r  organic dens i t ies ,  as  revealed by CT or  MRI ,  are the 
same . One maj or l im i tation of usi ng color data l ies  In i ts  ambigui ty . 
I n  gross cros s - sec t io n s ,  cance l lous bone w i th i t s  i n terspersed red 
marrow ac tual l y  gives the ent i re bone a red appearance .  Compact  
bone however ,  doe s g ive the un i form co lor we typica l ly  assoc i ate 
w i th bone .  Con sequent ly ,  it is d iffi cul t to associate these d ifferent  
components both wi th i n  a g iven s l ice and between s l i ces  a t  d i fferent  
leve ls  w i th color data alone . I n  fact the color of bone in  the  color 
data c losely resembles the color of fascia ,  fat and tendon.  Thus ,  CT 
and M RI data w h i c h  are based o n  rad ioopac i ty  and  de n s i  ty  
respec t ive ly  are i nvaluab le  i n  segmentat ion .  
For  e x a m p l e ,  In  v i sual i z i n g  the abdo m i n a l  musc u l at u re ,  
s e g m enta t i on  prove s e spec i a l l y  cha l l eng i ng  g l  ven  t he  te n d i n o u s  
fasc ias  between fibrous  myofi l aments .  On gross exami nat ion ,  these 
two components of muscle look drast ical ly d ifferent as  they do on CT 
or M R I  exam because of the i r  d i fferent  chemical  compos i t ions  and 
consequent ly  d i fferent  dens i ti e s .  Al l  current  imag ing  modal i t ies  w i l l  
art i fi c i a l l y  separate these two components i n to d i s t inc t  ent i t i e s .  
The  pnmary cha l lenge i n  automat i ng the image segmentat ion  
proces s  l i e s  i n  trai n i ng the computer to  recogn ize two  ent i t ies  a s  
be ing part of the same i tem wi thout having to art ific ia l ly  l ink  them .  
Indeed,  most ,  i f  no t  a l l  three-dimensional mode l ing  has  bypassed the 
step of segmentation entire ly  by manual i n tervent ion in an effort to 
overcome th i s  problem . Several studies  ( Rosse ,  1 995 )  ac tual l y  u se 
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photograph ic  or radiographic images p laced over d ig i t izer pads to 
p h y s i ca l l y  trace the s truc ture s of i n tere s t .  Whi le  ted ious and 
laborious , e special l y  for data sets spann ing  several hundred Images ,  
th i s  s tep  may i ndeed prove to be  the most effect ive for d i ffi cult  
s t r u c ture s .  
Regard less  of i ts current  l imi tations ,  a great deal of work has 
been  done i n to the area of image segme ntation . Trai n i n g  the 
computer  to reco g n i ze certai n s truc tures as be i ng  composed of  
d i s t inc t  componen ts i s  a form of  arti ficial  in te l l igence . Both now and 
i n  the i m mediate future , this is an area where human intervention of 
some type is s t i l l  required . 
The I sov iew program addresses the problem of segme ntation 
w i th a novel approach. It uses an algori thm which a l lows struc tures 
of d ifferen t  colors to be segmented as a si ngle object ( S tewart e t  a I . ,  
submi t ted ) .  The software a l lows the user to i nterac ti vely select  the 
c o m p o n e n t  c o lors of the i tem of i n tere s t  I n  the gross  data. 
Essential ly ,  the user pai nts the area of interest to create a color range 
wh ich  represen ts the struc ture s of i n teres t .  Thi s pai n t ing techn ique 
i s  referred to as Masking .  (Figure 2 )  
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Figure 2. Masking exemplified. Arrowhead - Note the light grey/green 
pixels representing the area where the Mask was chosen. 
Masking 
Masking requues a perfect balance between selecting too few 
colors (i.e. only a few muscle fibers within a muscle) and too many 
colors (selecting such a broad range of red that blood vessels are 
included). As such, Masking must be very selective to avoid 
"contaminating" the Mask with the wrong color. For example, if in 
selecting muscle, a dark purple pixel representing clotted blood 1n a 
venule was chosen, the Mask would be too broad, and the model 
would include structures or tissues other than muscle. 
The specific colors of interest are translated into a grey-scale 
equivalent. This new image resembles a CT image, but is very 
different. The major difference 1s that while the grey-scale level 1n a 
CT image reflects density values, the grey-scale from a gross image 
reflects color wavelength values. (Figure 3) 
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Figure 3. Grey-scale image based on color data. Light values represent 
colors close to the Mask, or color of interest. 
Colors which are close to the selected mask colors have a higher 
(white) value while those far from the selected colors have a low 
(black) grey-scale value. However, after the data are manipulated, 
the original colors can be reapplied to it. 
Contour Delineation 
A threshold is then established from the Mask by defining a 
range of grey-scale which encompasses the original colors of interest. 
This range is further refined using an interactive technique called 
Contour Delineation. Here the computer outlines the structure of 
interest by selecting all grey-scale values above the given threshold. 
(Figure 4) 
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Figure 4. Grey-scale image with red contours surrounding values above the 
given threshold. 
These contour lines surround the colors of interest that were initially 
selected by the Mask. When the contours are displayed with the 
original color data, this range 1s clearly defined. (Figure 5) 
Figure 5. Red lines represent contours of pixels whose color value is above 
the Mask threshold. Note the original Mask can still be seen. 
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B y  se lect i ng  t i s sue just  outs ide the g Iven contour, the threshold  i s  
proporti o nate ly  lowered s o  the span o f  chosen colors i s  effect ive ly  
expanded .  The i n teracti ve process proceeds by first se lect ing a new 
con tour ,  w h i ch reflec t s  a new thre sho ld ,  which trans late s i n to a 
broader  g re y - s cale w i ndow , which fi n a l l y  encompasse s a greater 
range of  color wavelength . ( Figure 6 )  
F I N D I N G  C O N T O U R S  
� � � 
COLO R S  G R EY-SCALE TH R ESHOLD CONTO U R  
Defin ing the Reflect ing the The m i n i m u m  Del ineat ing the 
structu re of color wavelength of threshold value 
inte rest wavelengths i nterest as a structu re 
� � � borde r 
R E F I N I N G  C O N T O U R S  
FIGURE 6. The p rocess o f  F i n d i n g  Contours a n d  Refi n i n g  Contou rs .  
O n c e  the con tours have been found on  one I m age  that 
i n formation I S  trans lated i n  al l of the loaded fi l e s .  The computer 
s imp ly  app l i e s  the same Mask and Threshold  values to al l of the 
remaIn I n g  I m ages . Thus , we have the t i ssue of  i n teres t  c lear ly  
defined  on each image i n  the data set . 
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I n  theory,  the process  to thi s  poi nt  flows as smoothly as j u st  
descri b e d .  However ,  a s  a l l uded to prev ious ly ,  the proce sse s  of 
computer segmentat ion are far from perfect ,  espec i al l y  in areas such 
as the p e l v i s  and peri neum where fat ,  fasc i a ,  and  tendon b lend  
i ns e n s i b l y .  C o n sequen t l y ,  many  researchers pre fer  t o  m a n u a l l y  
segment  the t i s sues  o f  i n teres t .  B y  do ing  so ,  they have  v i sua l l y  
se lected  the  ti s sue of i nterest by color or  CT/M RI grayscale and  i n  
do ing  so ,  have subconsc ious ly  selected the threshold va lue .  O n  the 
bas i s  of th i s  threshold they have manual ly drawn the contours onto a 
graph ics  tablet which records the contour as a data fi l e .  
Polygon Appl icat ion  
Regard l e s s  of  how the contours are selected,  the re maI n I n g  
s teps are the same . S i mp l i s t ica l ly  these steps i nvolve sandwich ing  
together  al l of  the contours  from each i mage i n  order.  W h i le 
log i s ti cal l y  s i mp le ,  thi s i s  where the re al benefi t s  of a computer 
become apparent .  The computer takes the contour of each i mage and 
reduces  i t  to several  smal l  l i nes  and verti ces .  That i s  a curved 
surface I S  now represented as  severa l ,  often hu ndreds ,  of short l i nes  
often on ly  two or three p ixe ls  long. Once the computer has reduced 
the c o n tours  to s tra ight l i nes  and vert i ces ,  the three -d i men s i o n al 
surface can  be constructed ( Figure 7 ) .  
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Figure 7. Three-dimensional model of isolated bilateral rectus abdominis 
muscle viewed anterolaterally. 
Like the area of segmentation, the area of surface creation 1s an 
active area of research in computer imaging. Several different 
algorithms, or program components, have been developed which use 
different techniques to produce a three-dimensional surface. The 
variations and advantages of these algorithms are worthy of an 
entire thesis alone. However, a general overview of these algorithms 
will suffice for this discussion. 
For the most part all of the algorithms work the same way, that 
1s by joining the vertices from nearby two-dimensional images. 
Through a technique called Polygon Application, the lines connecting 
vertices of neighboring contours create three-dimensionally oriented 
polygon s .  
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These  polygons  can be triangle s ,  squares ,  rhomboid s ,  
pentagons ,  hexagons ,  e tc .  o r  a combination thereof. 
I sov iew and many other appl ications use a s tandard algori thm 
called  Marching Cubes ( Lore nsen and C l ine ,  1 987 ) .  I n  Isoview,  thi s 
a lgor i t h m I S  c o m b i n e d  w i t h  a techn ique  cal l ed  B order  Case 
Compari son ,  deve loped at  the Medical Col lege of Virginia ( S tewart 
and B roaddus ,  submitted 1 996) . While i ts  name may be mis leading 
the  March ing Cubes algori thm creates surfaces  us ing triangles as  the 
polygon . Triang les  are the polygon of preference as they al low 
s moother, more accurate surfaces to  be  made . They do  however take 
up  more space ,  as several triangles are required to create a surface 
that cou ld  e ffect ively be made by one hexagon for example . When 
a l l  o f  the  adj acen t  con tours have been i ncorporated we have an 
enormous  group of polygons forming  a wire-frame skeletogram . The 
spaces  wi th in  each polygon are then fi l led in  and pai nted . I soview 
pain t s  th is  surface wi th the color of the neares t  pixel  i n  the color 
data i mage .  
S mo o th i ng 
Once the general surface has been created ,  the l i nes joining two 
adj acen t  contours often produce a banding pattern at the i n terval of 
in i tial sec tion . These bands,  or "surface steps", are an artifac t of the 
I mage creation .  S ince the images were acquired at a certain interval 
( e . g .  e very mi l l imeter) , al l of the vertices occur at th i s  i n terval . On 
close inspection this  reveals somewhat of an accordion pattern . 
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S mo o th i n g  a lgor i t hms  he lp  remove th i s  band i n g  p at te rn . 
I sov iew u se s  surface and normal smooth ing to enhance the three-
d imens iona l  I mage .  A th i rd a lgor i thm i s  used to  smooth the  
variations I n  color by  smudging them to diffuse abberants .  
I t  I S  i mportant  to remember at th i s  point  that  the three-
d i m e ns i o n a l  s u rfac e  created I S  e s sen ti al l y  that ,  a surface .  I t  
represents  mere ly  a shel l around the cavi ty or mass of i nterest .  This 
she l l  s urface lends i tself  wel l to being  "di ssected" as the d ifferent  
l ayers can  s imply be peeled away . These surfaces can a l so  be given 
d ifferent  l eve l s  of transparency to create see-through structure s .  
V i su a l iza t ion  of  three-d imens iona l  s truc tures i s  s t i l l  perhaps 
the b i gges t  obs tac l e  i n  i n tegrat ion w i th computer-based i nstruc tion . 
The s urface of  one structure alone usual ly  entai l s  tens of thousands 
of triang les .  When two or more surfaces are viewed,  the number of 
tri ang les  can eas i l y  exceed 1 00,000 .  To make the v i sua l i zation of 
t he s e  s u rfac e s  i n terac t i  ve requI re s a t reme ndous a m o u n t  o f  
computi ng  power .  
S urface Compres sion  
Ye t  another area of research i n  vo l  ves compress Ion techn iques 
which  seek to s impli fy a surface wi thout sacrific ing the quali ty of the 
mode l .  One technique which i ncreases the speed of display instructs 
the computer s imply to ignore the triangles which are out of sight by 
the  V Iewer .  O ther techn iques ,  such as triang le dec imat ion which  
I sov iew u se s ,  reduce the number of  triangles composing the surface .  
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For example ,  a large flat surface such as the i leum of the pelv i s  can 
be represen ted  by a hundred tri ang les  i n s tead of the ten  or so  
thou sand that ori g i nal ly  modeled i t .  
M ode l Enhancement  
Once mode l s  are created, they need to  be  adequately  enhanced,  
labe led, and modifi ed  before they are inc luded in a computer-based 
i n s t ru c t ion  package . Enhan c i n g  i n vo lves  c lear l y de l i neat i ng  the 
i n d i v i d ual componen ts o f  the mode l .  S i m i lar to the i n i t ia l  
s e g m e n tati o n, e nhancemen t  of  the mode l  a l lows  d e l i neat i o n  of  
d i s ti n c t  anatom ical subdi  v i s i on s .  The se d i s t i n c t  s tructures usual l y  
b lend together i n  the gross spec imen and need to be manual ly  spl i t  
apart by  d i ssect ion .  L ikewi se i n  the computer mode l ,  the curren t  
l i m i tat i o n s  I n  s egmen ta t i o n  nec e s s i tate manual s epara t i o n  of 
par t icu lar s t ruc ture s .  Here i n  l i e s  the maj or benefi t  o f  three -
d imens ional mode l i ng  I n  computer based i nstruct ion .  S tructures l i ke 
the i n gu i nal c ana l  which have trad i t iona l ly  been very d i ffi cult  to 
v isual ize even i n  a carefully  d i ssected prosection can now be c lari fied 
In a computer recreation .  
H i g h -p o w e r  computer  a i ded  de s i g n  ( C A D )  packages  are 
requ i red  to effect ive ly  enhance a mode l .  S i nce a typical model  i s  
composed of  hundreds  o f  thousands o f  data poi nts, programs l ike 
13DMTM, which was used i n  the present prel im inary invest igat ion,  are 
tedious  and i neffic ient  for most uses .  High- level CAD programs al low 
qu i ck  render ing  of three-d imens ional  struc tures so modificat ions  can 
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be made i n teracti vely .  When an object ' s characterist ics are changed,  
the i mage on  screen immedi ate ly reflects those changes . 
Programs l ike S i l i con  Graphic s '  Al i as/Wavefront are examples  
of such CAD programs .  This  package I S  particularly wel l - su i ted  to 
w ork i n g  w i th anatomical mode l s  as i t  a l l ows  free - form C A D .  
Applicat ions  such as these have been used extens ive ly  i n  Hol lywood 
for theatri cal special effects ,  but surpri s i ng ly ,  they meet the same 
needs  of b io logical and anatomical arti sts as wel l .  Free-form CAD 
s i mp l y  m eans  that the obj ec t s  be i n g  created are no t  s tandard 
geometr i cal obj e c ts l i ke cube s ,  cy l i nders , and  cones ,  b u t  rather  
curved s urfaces  resembl ing organs ,  bones ,  e tc .  These same free-form 
des ign  too l s  a l low ex i s t ing model s  to be manipulated and modi fied 
more eas i ly  than conventional CAD tools .  
Representative Model of I ngui nal Canal 
I n  the  pre sen t  a t tempt  to model  the i n g u i na l  c anal , the  
abdominal  wal l m usculature was fi rst  d iv ided i n to i t s  i nd iv idual 
components : the trans versa l i s  fasc ia ,  tran sversus abdomi n i s  m u sc le ,  
i n te rnal  abdom i n a l ob l ique musc l e ,  ex terna l  abdomi na l  o b l i q u e  
m u s c l e ,  anterior and posterior rectus sheath ,  l i nea a lba, and rectus  
abdo m i n i s  m u sc le . Other s truc ture s which  mus t  be  i n c l uded to 
enhance c l i n ica l  understanding of this area i nc lude special izations  of  
the  muscu lature . For example,  the superfic ial ingui nal ri ng ,  which I S  
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an open I n g  I n  the e x terna l  abdom i n a l  ob l i que  aponeuro s I s, I S  
e special l y  i mportan t  a s  the target of direct  inguinal  hern ias .  Other 
spec ial i zat i o n s  of  the ex terna l  ob l ique  aponeuro s i s  i n c l ude  the 
i ngu inal l i gament, forming part of the floor of the i nguinal canal, the 
refl e c ted  i n g u i n al l i gament, which i s  an  upward extens ion of  the 
i ngu inal l i gamen t, the lacunar l igament and the pecti neal  l igament .  
M ode l e nhancement  not only  prov ides c learer de l i neat ion of 
anatom ical s truc ture s, but  a lso conveys certain anatomica l  princ ip les  
more eas i l y .  For example, the formation of the conjoi ned tendon, or 
fal x  i ngu inal i s, can be demonstrated by fi bers from the transversus  
abdomi n i s  musc l e  joi n ing  those from the i n terna l  ob l i que  musc l e .  
S i m i larly, the trans i tion  between the spl i t  and unsp l i t  portions of the 
aponeuro s I s  of  the i n ternal  abdomi na l  ob l ique  aponeuros I s  a t  the 
arcuate l i ne can be demonstrated .  Enhancement a l so a l lows  one to 
v is uali ze the continu i ty between musculature, fasc ia  and coverings of 
the  spermatic cord . 
m u sc l e  whi ch g I  ve s  
For example, the i n ternal  abdomi nal  ob l ique  
f l se  to  the cremas ter  m u sc l e  and  m i d d l e  
s permat i c  fasc i a  of  the spermatic cord,  c a n  b e  demonstrated and 
i solated i n  a particu l ar mode l .  Other struc tures  l ike the superfic ial 
fl n g  w i th i t s  med ia l  and  l a teral  crura formed by the e x ternal 
abdominal obl ique aponeuros is  and the deep inguin al ri ng formed by 
an open ing  in the transversal i s  fasc ia  can be highl ighted . F ina l l y  
s truc tures  l i ke the peritoneal  folds ,  which are espec ia l ly  d iffi cu l t  to 
i s o late i n  the g ros s spec imen ,  can be exaggerated through model  
enhancement .  Specific  folds which can be demonstrated i nc lude the 
4 6  
med ian umbi l i cal  fold overly ing  the obl i terated urachus ,  the medial  
umbi l i ca l  fol d  overl y ing  the obl i terated umbi l i ca l  artery ,  and the 
l ateral umbi l ica l  fold overly ing the inferior epigastric vesse l s .  
I n  a d d i t i o n  t o  s t r u c t u re s e p a r a t i o n  t h r o u g h  m o d e l  
segmen tati o n ,  s truc ture augmentat ion or c l ari fica tion ,  and struc ture 
ampl i fi c at ion ,  mode l  e nhanceme nt  a l so  may i nc lude  app l y i n g  a 
biological symmetry to a model to recreate the other half. S ince most 
model creation  is done on one half of the body, biological symmetry 
al lows  u s  to create a mirror image of the model to represent to other 
s ide . Th i s of course ,  is not effect ive in areas l i ke the d igest ive 
system which are not  b i latera l ly  symmetrica l . 
Mode l  enhancement  a l so  en tai l s  adding  s tructure s  which  are 
not  we l l  shown i n  the gross data , such as smal l  blood vesse l s  and 
nerves .  These s truc tures  are usua l ly  hidden wi th in  sec t ions  of the 
speCImen or are too smal l  to  be resolved by the imaging  moda l i ty .  
The  reso lu tion  of typical  CT scans ,  5 1 2  x 5 1 2  p ixels ,  i s  too low to 
decipher fine detai l .  The course of various nerves and vessels should 
be  m apped out in regard to landmark anatomical s truc ture s .  I n  
mode l  e n hanceme n t , t h i s  route c a n  be traced d i rec t l y  o n  the  
computer  screen  through a drawing  tab le t ,  mouse ,  or other  i npu t  
device .  Once the route has been establ i shed by  a series of points ,  a 
circle element can be extruded or traced along that l i ne to create the 
nerve , artery,  ve In ,  or entire neurovascular bu ndle . 
The  i nfer ior  ep i gastri c artery I S  one s truc ture I n  part i c u l ar 
which should be added to models  of the inguinal canal because of i ts 
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i mportant  c l i n ica l  s ign ificance i n  th i s  area .  The inferior epigastric 
artery is a landmark in d i s t ingu i sh ing  direct and i ndirect  hern i as . 
The s ac of  an i ndirect inguinal  hernia anses lateral to the i n ferior 
ep igastr ic artery , whi le  a direct  hernia anses  medial to the artery . 
Thi s rather s imple ,  but  important ,  anatomical concept can eas i ly  be 
demons trated and te s ted .  
Nerves ,  which may no t  be  prominent I n  the model can also be 
added . An example I S  the i l io inguinal  nerve which courses through 
the i ngu ina l  cana l . A c lear demonstration of th is  nerve,  w i th i t s  
femora l  and a n ter ior  s c rota l  branches  demon strate d ,  can  h e lp 
s tudents  better understand the i nnervation of th i s  region . 
Other important structures which do not model wel l  and w i l l  
have  to  be added inc lude lymph nodes and  lymph  vesse l s .  I t  i s  
cr i t i cal that  t he  s tuden t  understand the lymphatic drain age of th i s  
i mportan t  area .  
S truc ture Labe l i ng 
Labe l ing  of the anatomical  s tructures i s  the key benefi t  to the 
studen t .  S tatic or dynamic text  labels that identify certain structures  
can be u sed . S tatic label s  remain in  the same position on the screen 
no matter what angle the s tructure i s  being viewed from.  Dynamic 
l abe l s  on the other hand are three-d imens iona l  obj ec t s  themse lves  
which fol low the  object  to  which  they are connected.  A dynamic 
labe l ,  for example , wi l l  read backwards when the object  I S  v iewed 
from its  pos terior s ide . Whi le  stat ic  labe ls  provide a c l eaner  
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appearance ,  dynamic  labe l s  help to add depth to the structure and 
i mprove v i su al orien tation .  
M od i fi c a t i o n  of  a mode l  a l l o w s  s i m u l a t i o n  of  v ar I O U S  
pa tho logie s . W i th the ingu inal  canal  example , modificat ion cou ld  
inc lude s imu lat ing a hern ia .  Here a section of  bowel would be  bu lged 
or herniated through a section of abdominal  wall muscu lature .  Th is  
can  be done by manipulat ing the  t i s sues  around the "hernia" on the 
computer to give the appearance of bowel protruding through them .  
S om e  h igh -end  graph ics  packages a l low a mode l o f  bowel  t o  be 
dragged through the wal l to create the hern i a .  Warp ing  of the 
abdomina l  s urface can  be done automatica l ly  as the bowel l i tera l ly  
pushes  through  the  hern i at ion . 
Hernia S i m u lat ion and Embryology 
W i th re lat i ve ly few s imple steps ,  a number of hern ias  can be 
s i m u l ated .  These  hern i as can  then  be v iewed i nd i v i d u a l l y  or 
s imu lated in terac ti ve ly .  A student  for example can use a mouse to 
se lec t  a certai n area of abdomi nal  wa l l ,  and bowel w i l l  herniate 
through that  region triggering a discuss ion of that particu lar type of 
hernia .  On the other hand, the student can be shown a hernia  in late 
s tages ,  or one developi ng, and be asked to diagnose which type it i s .  
Either of these examples can  be t ied in  wi th the causes of  direct and 
acqu i red  i nd i rec t  hernias  caused by decreased co l l agen  produc t ion  
and loss  of  e lastic t i ssue assoc iated with aging .  
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Perhaps the most  powerfu l appl icat ion of model modifi cation  i s  
In  the s imu la t ion  of the  embryolog ica l  developme nt  of anatomical  
s t ruc tu re .  Essen ti al l y ,  mode ls  of structures  at di fferen t  s tages of  
embryo logy c an be created and l i nked together sequenti a l l y .  Th i s  
w o u l d  h e l p  s tuden t s  u n ders tand  embryo log i ca l  e v e n t s such  a s  
descent  of the te stes i n  the fetus a s  wel l  a s  pathologies w i th i n  that 
sequence ,  such as a patent processus  vag inal i s  predispos i n g  to an 
i nd irect  i ngu inal herni a .  
M ode l s  from the h i gh -end  grap h i c s  works tat i o n  are t hen  
compre ssed and exported to other computer p latforms as e i ther s t i l l ­
frame i mages or  as a manipulable mode l .  S i nce most models  are too 
complex  to i n terac t ive ly  v iew on a personal  computer ,  the former 
method i s  preferred .  B y  capturi ng  a number o f  carefu l l y  se lected  
v i ews ,  the  mode l ' s  characteri s t i c s  can be  accurate l y  conveyed and 
i ncorporated i n to a computer-based i n s truct ion package . 
RESULTS 
Both cryosection and CT data were chosen to model the inguinal  
canal . In i ti al s tructures were successfu l ly  modeled using the color 
data fro m  the cryosec t ions .  The transversus  abdom i n i s  musc l e ,  
i n tern a l  a b d o mi n a l  ob l i que  musc l e ,  e x terna l  abdom i n a l  o b l i q u e  
musc le ,  a n d  rectus abdomin i s  muscle  were a l l  successfu l ly modeled 
as  was the bony pelv is  wi th anterior superior i l i ac spi ne ,  an terior 
inferior i l i ac spi ne ,  and pubic tuberc le .  
However ,  the  cryo sec t ions  a lone were no t  wel l  s u i ted  to 
dec ipher in g  and  d i s c ri m i n at i ng  between the fasc i a s  and te ndons  
which compri se the inguinal canal . The color of  fat ,  bone, fascia ,  and 
tendon w ere so  c lose that it was d iffi cu l t  to i so late the spec i fi c  
ti s sues .  G iven  the  varying  dens i t i e s  of these s tructures ,  t he  nex t  
attempt  employed the CT da ta .  Whi le  MRI  da ta  wou ld  be the  
modal i ty of  cho ice ,  g iven  i ts  abi l i ty to  i l lus trate soft- t i s sue contras ts ,  
the MRI data  for the V i s ible Human Project  was only col lected every 
five or  ten m i l l i me ters ,  a re so lu t ion  too low to produce accurate 
mode l s .  Whi le  creat ion of a pelvis  and basic abdominal muscu lature 
pro v e d  fea s i b l e ,  mode l i ng more d i ffi c u l t  s truc tures such  as  the  
delicate l ayeri ng  of  the i ngu inal  canal , proved unsuccessfu l .  Despite 
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the high resolution of the cryosection and the CT data and the 
associated values (color or density) of each, the fascias of the inguinal 
canal proved too difficult to accurately model with the given 
software. (Figure 8) 
Figure 8. Three-dimensional model of bi lateral abdominal wall musculature 
with fascias viewed anterosuperiorall y. * * - Ex tern al oblique muscle, * 
Internal oblique muscle, • - Transversus abdominis muscle. 
Structures like the spermatic cord were especially difficult to 
model given their oblique course through the body. While on cross 
section, the spermatic cord appeared rather dis ti net, the three-
dimensional model was indiscriminate. Despite the reasonable 
modeling of its course through the pelvis and perineum, the details 
of the spermatic cord were too obscured. (Figure 9) 
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Figure 9. Three-dimensional model of bilateral rectus abdominis muscle ( • ), 
iliacus muscle ( * *), and cremaster muscle/spermatic cord ( *), viewed 
antero inferiorally. 
DISCUSSION 
T h e  m o s t  i mportan t  fac tor  I n  creat i n g  a compu ter -based  
i n s truc t ion  package i s  that i t  needs to  be  tai l ored to  fi t a need .  
S imply ,  the package mus t  present material i n  a unique and  benefic ial 
w ay .  I n  order to be usefu l ,  the package must  make a d i ffi cu l t  
concept more comprehensible . If  i t  is  to be effective i t  mus t  present  
i n format ion  that  cannot  be obtai ned any other way and should at 
least complement i f  not  replace some tradit ional  learn ing methods .  
Termi no logy  and  determ i n i n g  wh ich  anatomica l  subd i v i s i on s  
belong to  which structures  i s  one area where many students struggle .  
The  spec i a l i zations  of the ex ternal  ob l ique  aponeuros i s  are such  
s t ru c tu re s .  A mode l can  effec t ive ly  de mon s trate th at wh i l e  the 
aponeuros I s  has many special izations ,  they are a l l  st i l l  componen ts of 
the one s ingle layer.  
The l ayering  of the spermatic cord coven ngs IS another e lus ive 
concept .  S i nce the spermatic cord is  oblique in  i ts course through the 
abdomen ,  a model  would c l ari fy how it traverses and co l lects  one 
layer of aponeuros is  at a time .  By  sequential ly making the layers of 
a mode l  v i s ib l e ,  the i l l u s ion of trave l i ng down the cord can be 
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s imul ated .  Thi s would also convey the conti nu i ty be tween spermatic 
cord coverings ,  abdomi nal muscles and pe lv ic  fasc ias .  
S tudents  a l so often mi sj udge anatomical landmarks .  An  area 
where three-d imens iona l  mode l ing  would be espec i a l ly  u sefu l  i s  I n  
the u n derstand ing  of topica l  anatomy and i t s  c l i n ical re levancy .  I n  
con s ider i n g  the i ngu i n al cana l ,  s tudents  often m i sj udge the e xact  
locat ion of  the  i ngu i na l  l i gament ,  mi staken ly  ident i fy ing  i t  as the 
area of the inguinal  crease . The i nguinal  crease, however, is a highly 
variab le  l a ndmark where Scarpa 's  fasc ia  of the abdomen adheres  to 
the fasc ia  l ata of the thigh . For obese ind iv iduals  in  particu lar ,  the 
i ng u i n a l crease  IS d i sp laced severa l  i nches  be low the i ng u i na l  
l i g a m e n t .  
Add i ti o n a l l y ,  three -d imens iona l  mode l i n g  c a n  h e l p  s tude n ts 
v i sua l i ze concepts  and re l at ionsh ips ,  rather than s imply  memoriz ing  
them .  For example ,  Hesse lbach ' s  Tri angle i s  often studied by s imply 
m e m o f l z I n g  i t s  b o rd e r s  as  the  i n fe r i o r e p i g a s t r i c  v e s s e l s  
s uperolatera l l y ,  the l ateral borders of the rec tu s ,  and the i ngu ina l  
l i g a m e n t  i n fero l ateral l y .  W i th a mode l ,  s tuden t s  c a n  togg le  a 
tri an g u l ar overlay which  c learly demonstrates the borders and a l so  
v i sua l ly  demonstrate how the tri angle i s  a target of  d i rect  i ngui na l  
hernias .  Furthermore , they can understand concepts such as why the 
medial border of the rec tus sheath is the most su i table struc ture for 
herni a  repa I r .  S i mi l ar ly ,  s tudents  can  v i sua l i ze why a hern i a  I S  
n amed as e i ther direct or  i ndirect rather than s imply memoriz ing  i t s  
a s s o c i a t i o n s .  
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B y  foc us ing  on  a l tern ative l earning too l s  such  as computer 
m o de l s ,  s t ude n ts can  gaI n  a bet ter  un derstand i n g  of  d i ffi c u l t  
anatomica l  re l ationsh ips ,  have a hi gher retent ion o f  those concepts ,  
and effec t ive l y  become better c l in ici ans . 
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